Abstract. This study proposes a novel spectral-amplitude coding optical code-division multiple-access ͑SAC-OCDMA͒ scheme with four optical intensity levels by polarization division multiplexing ͑PDM͒ to increase the maximum permissible number of simultaneous subscribers using an optical broadband source of finite bandwidth. In the proposed system, each encoder/decoder pair is shared by two subscribers, and the requirement for complex polarization compensator schemes at the receiver is removed. The phase-induced intensity noise ͑PIIN͒ induced at high optical intensities significantly degrades the performance of a conventional SAC-OCDMA scheme. Therefore, this study uses two methods to suppress the PIIN effect: 1. two users share the same encoder and transmit signals on mutually orthogonal polarizations, such that some PIIN terms are canceled out; and 2. the receiver structure is equipped with multiple balanced detectors ͑MBDs͒ to reduce the PIIN power impinging on each photodiode ͑PD͒. The numerical evaluation results demonstrate that under PIIN-limited conditions, the proposed system achieves a higher performance than that of the conventional SAC-OCDMA scheme.
Introduction
Following the successful application of code-division multiple-access ͑CDMA͒ techniques in wireless communications, many researchers have investigated the feasibility of optical CDMA ͑OCDMA͒ systems. However, the code lengths of the earliest OCDMA systems were too long, and multiple-access interference ͑MAI͒ limited the maximum permissible number of simultaneous users. Of the various OCDMA systems that have been proposed, spectralamplitude coding ͑SAC͒ systems have attracted particular attention, since they eliminate multiple access interference ͑MAI͒. SAC schemes are suitable for burst traffic environments, and hence provide a promising solution for applications running on local area networks ͑LANs͒. In recent years, the use of fiber Bragg gratings ͑FBGs͒ has been proposed to realize SAC-OCDMA systems. 1, 2 In such systems, a series of FBGs, whose central wavelengths correspond to a unique address code, are used at the transmitter end to generate spectral coding chips from a broadband source. Each transmitter broadcasts its coding chips to all of the receivers in the network. However, the transmitted bit stream is recovered only at the receiver equipped with the matching series of FBGs.
In SAC schemes, it is essential to identify the maximum number of serviceable wavelengths, since this number dictates the maximum permissible code length for coding purposes, i.e., the maximum number of simultaneous users that can be accommodated on the network. The system performance is essentially governed by the phase-induced intensity noise ͑PIIN͒ caused by the incoherent mixing of lightwaves at each photodiode ͑PD͒.
Polarization division multiplexing ͑PDM͒, in which two orthogonally polarized signals are transmitted simultaneously in a single-mode fiber ͑SMF͒, 3, 4 provides a versatile solution for increasing the utilization of the available bandwidth. Various combinations of PDM with other multiplexing techniques have been proposed. 5, 6 However, the PDM demultiplexing technique is rather complex due to the random change of the signal's state of polarization ͑SOP͒ caused by fluctuations of the fiber birefringence along the fiber's length. Hayee et al. 7 proposed a PDM scheme in which a power unbalancing technique was applied at the receiver to decode two data channels on the basis of different power levels rather than by demultiplexing the two orthogonal polarizations.
This study proposes a multilevel SAC-OCDMA system using embedded orthogonal polarizations and WalshHadamard codes as address codes. In the proposed system, each matched FBG-based encoder/decoder pair is shared by two users. Consequently, the required code length is reduced by one half compared with conventional systems. The spectral coding chips of the two users are transmitted on two mutually orthogonal SOPs with a power ratio of 2:1. A key feature of the proposed system is that the use of two orthogonally polarized chips transmitted at the same wavelength from the same encoder eliminates PIIN. At the receiver, a quaternary amplitude shift keying ͑ASK͒ electrical signal is detected by the matched FBG-based decoder and multiple balanced detectors ͑MBDs͒. The use of MBDs in the receiver structure is designed to reduce PIIN effects by reducing the PIIN power impinging on each photodiode ͑PD͒. Using a multilevel decision circuit, the quaternary ASK signal is decoded into two binary signals, representing the transmitted bits of the two users, respectively.
The remainder of this work is organized as follows. Section 2 provides an overview of the system configuration. Section 3 presents an example to illustrate encoding/ decoding process. Section 4 evaluates the system performance under the conditions of fixed SOPs and random SOPs, respectively. Finally, Sec. 5 presents some brief conclusions. Figure 1 presents a block diagram of the proposed multilevel SAC-OCDMA network with embedded orthogonal polarizations. The network comprises k transmitters, k receivers, and a k ϫ k star coupler, and can accommodate a total of 2k users. Figure 2 illustrates the proposed multilevel transmitter-encoder structure. As shown, a broadband source is directed into an FBG-based encoder, whose central wavelengths correspond to the address code. The wavelength satisfying the Bragg condition will be reflected, while the other wavelengths will be transmitted. In this way, the broadband source is said to be "sliced." The sliced source passes through a polarizer, a polarization controller ͑PC͒, and a polarization beamsplitter ͑PBS1͒, which produces two mutually orthogonal SOPs ͑i.e., vertical and horizontal polarization states͒ at its output ports. In this study, the power ratio of these two orthogonally polarized light beams is specified as 2:1, and is obtained by adjusting the polarizer and the PC. The two orthogonally polarized light beams are individually modulated with the two different users' data bits using an on-off keying ͑OOK͒ scheme, in which bit 1 ͑ON͒ corresponds to passed light and bit 0 ͑OFF͒ corresponds to blocked light. Finally, the two light beams are recombined at PBS2 and transmitted to the star coupler for onward transmission to the receivers. Therefore, a quaternary optical signal is obtained at the transmitter output end, as shown in Table 1 .
System Configuration
Each transmitter broadcasts its coding chips to all of the receivers in the network. Figure 3 depicts the structure of the proposed multilevel receiver-decoder. The signal received at the receiver is a composite signal comprising the transmitted chips of all the active users. As shown, the received signal is split into an upper branch ͑in which the FBGs have the same wavelengths as the encoders͒ and a lower branch ͑in which the FBGs have complementary wavelengths to the encoders͒. Complementary spectra are therefore obtained at the upper and lower branches. The two complementary multiple FBGs have a time-inversed arrangement relative to the encoder and can therefore compensate for the round-trip delay of chips transmitted on different wavelengths. The two complementary spectra emitted from the FBGs pass through respective 1 ϫ n split- ters and enter the MBDs, which compute the correlation difference between the two spectra and eliminate the interference of users with unmatching address codes. The total photocurrent generated in the MBDs has the form of a quaternary ASK electrical signal, and is sent to an adjustable multilevel decision circuit 8 to recover the users' information bits. As shown in Fig. 4 , the multilevel decision circuit decides between three threshold levels by using three D flip-flops ͑DFF͒ with adjustable decision levels. The output of DFF2, which differentiates between levels 1 and 2, represents the decoded data of user 2k − 1. Similarly, DFF1 makes a decision between levels 0 and 1, while DFF3 decides between levels 2 and 3. Based on the data logic of user 2k − 1, the decoded data belonging to user 2k can be decided from either DFF1 or DFF3.
Illustration of Encoding/Decoding Process
This section illustrates the encoding/decoding process of the proposed system using an example involving the Walsh-Hadamard code of code length N = 8, as shown in Tables 6 , and 8 are not assigned. In the present illustrative example, the vertical polarized light is modulated with the data bits of user 2k − 1, and the horizontal polarized light is modulated with the data bits of user 2k. The power ratio of the two SOPs is specified as 2:1. It is assumed that the data bits of users 1, 2, 3, and 6 are logical 1, while those of the other users are logical 0. As described previously, having passed through the FBG-based encoders, the coding chips are combined in a star coupler and broadcast to each receiver in the network. The signal at the receiver is derived by adding the chips of all of the active users. The received signal is designated as vector r = ͑6,2,3,1,6,2,3,1͒, as shown in Table 2 .
After passing through the 1 ϫ n splitters and the FBGbased decoders, spectrum rc k is obtained at the upper branch, and spectrum rc k is obtained at the lower branch. Therefore, rc k − rc k units of photocurrent ͑I sum = I b 1 + I b 2 + ... +I b n ͒ are obtained from the MBDs, as shown in Table  3 . According to the correlation properties of the WalshHadamard code, the correlation difference is expressed as: 
where values of b 2k−1 and b 2k of 1 or 0 represent the data bits of the ͑2k −1͒'th user ͑odd number of user͒ and the 2k'th user ͑even number of user͒, respectively, at the same encoder on mutually orthogonal polarizations. As shown in Fig. 4 , four different levels of photocurrent are identified in the multilevel decision circuit of the receiver. In the present example, 12 units of photocurrent at receiver 1 means that the detected bits of users 1 and 2 are both 1, eight units of photocurrent at receiver 2 means that the detected bits of users 3 and 4 are 1 and 0, four units of photocurrent at receiver 3 means that the detected bits of users 5 and 6 are 0 and 1, and 0 units of photocurrent at receiver 4 means that the detected bits of users 7 and 8 are both 0. Therefore, in the proposed system, MAI is eliminated completely in theory for the ideal flat spectrum of an incoherent optical source.
System Performance Analysis
The performance of SAC-OCDMA systems is mainly limited by PIIN effects, 2,9 particularly when the received power is large. PIIN results from the beating of incoherent light fields during the direct detection of square-law PDs, 2, 10 and its magnitude depends essentially on the SOPs and the spectra of the optical signals. To simplify the current system performance analysis, the following assumptions are made. In OCDMA systems, many optical fields are incident simultaneously on the PD of each receiver. The present study assumes that M optical fields are present at the input of the PD. The m'th optical field is denoted by a real-valued field e m ͑t͒. Therefore, the photocurrent at the square-law PD output is given by:
where R is the responsivity of the PD. In Eq. ͑2͒, the selfmixing term I s ͑t͒ represents the signal component, while the cross-product term I x ͑t͒ represents the unwanted noise component.
I sum ͑t͒, i.e., the total photocurrent flowing into the multilevel decision circuit, is the summation of photocurrents I b i in the MBDs, where i =1,2, ... ,n, as shown in Fig. 3 . After passing the 1 ϫ n splitters, the PSD magnitude of each received optical field is scaled by a factor of 1 / n, i.e., 2P sr /3⌬vn and P sr /3⌬vn. The signal components at PD 2i−1 and PD 2i of the l'th receiver during a one-bit period can be expressed respectively as:
ͪb 2kͮ ,
where K is the total number of receivers and is less than or equal to N − 1. Consequently, the signal component at the output of the i'th MBDs is given by:
From Eq. ͑4͒, the total signal components of I sum are given by:
In analyzing the PIIN power at the square-law PD, the randomness in the polarization states of the optical signals must be taken into consideration, 11 i.e.,
where B is the noise-equivalent electrical bandwidth of the receiver, ‫ء‬ denotes convolution, and S m ͑f͒ is the PSD of the m'th optical field with magnitude P m . Since the PIIN in each PD is independent, the variance of I sum can be written as:
Since two orthogonally polarized spectral chips transmitted at the same wavelength from the same transmitter preserve their relative positions on the Poincaré sphere during propagation 4 ͑i.e., these two fields maintain mutually orthogonal SOPs͒, the associated optical fields do not induce beating terms at the output of the PD. Assuming that the number of active users is even and that two active users share the same encoder/decoder pair, when all of the users transmit bits 1, some PIIN terms will vanish as a result of the mutually orthogonal SOPs. The noise power of the l'th receiver can be calculated as ͑see Sec. 6.1 in the Appendix͒:
From Eqs. ͑5͒ and ͑8͒, the signal-to-noise ratio ͑SNR͒ can be derived as:
. ͑9͒ Figure 5 plots the variation of the SNR with the number of simultaneous users for OCDMA systems with and without embedded orthogonal polarizations, respectively. In calculating the SNR, the following parameters are assumed: N = 64, ⌬v = 6.25 THz ͑i.e., the common bandwidth of the light source is equivalent to 50 nm with a central wavelength of 1550 nm͒, B = 80 MHz ͑for a bit rate of Fig. 4 Multilevel data-decision circuit. Table 6 Decoding schemes for users 7 and 8 at receiver 4. 5 clearly demonstrate that the SNR is improved by using an orthogonal polarization approach. As the number of active users increases, the number of PIIN terms that vanish as a result of the mutually orthogonal SOPs is reduced relative to the total number of incoherent beating terms. Consequently, the improvement in the system performance obtained under the proposed multilevel PDM scheme is reduced. Nonetheless, for 20 active users, the SNR improvement is still approximately 1 dB.
The PIIN induced at high optical intensities degrades the system performance to a greater extent than that induced at low intensities. In the event of multilevel intensities, it is reasonable to calculate the average PIIN power. Consider the case where there are K au active users in the network. Assume that k 1 users transmit on the horizontally polarized light with an effective PSD magnitude of P sr /3⌬v. Similarly, k 2 users, where k 2 = K au − k 1 , k 1 , k 2 ͕0,1,2, . .. ,N −1͖, transmit on the vertically polarized light with an effective PSD magnitude of 2P sr /3⌬v.
For PIIN-limited conditions, the SNR can be expressed as ͑see Sec. 6.2 in the Appendix͒:
In the multilevel decision circuit, the bit error rate ͑BER͒ of user 2k is higher than that of user 2k − 1. Therefore, this study uses the BER expression of user 2k in evaluating the performance of the current system. Using a Gaussian approximation to calculate the BER of the fourlevel intensity unipolar signals, the BER of user 2k is expressed as: BER = 0.75 erfc͑ ͱ SNR/8͒.
͑11͒
Assuming that k 1 and k 2 are binomially distributed, the average BER can be obtained from Eqs. ͑10͒ and ͑11͒ as:
where: Fig. 6 plots both the curve corresponding to the conventional SAC-OCDMA scheme and the curves corresponding to the multilevel SAC-OCDMA ͑with different numbers of MBDs͒. It can be seen that the BER of the multilevel SAC system degrades more significantly than that of the conventional SAC system. This is because the effect of PIIN becomes much larger due to users transmitting data with two units of power than the users with a single unit of power. In other words, the MBDs scheme exploits the fact that the input of less power into a single PD reduces the PIIN power, and hence reduces P m and P n in Eq. ͑6͒. Furthermore, in the proposed MBDs scheme, it is observed that the BER performance improves as the number of multiple balanced detectors increases.
Conclusions
This study proposes a multilevel SAC-OCDMA system with orthogonal polarization division multiplexing. The system is designed to increase the utilization of an optical broadband source with a finite bandwidth. In the proposed system, the number of encoder/decoder pairs and the required code length are reduced by one half compared to a conventional SAC-OCDMA system. Furthermore, the requirement for complex polarization compensator schemes at the receiver end is eliminated. The evaluation results demonstrate that MAI is completely eliminated in theory. The BER of the OCDMA system has been analyzed numerically for the PIIN-limited case. The proposed system features two PIIN suppression methods: 1. two users share the same encoder to transmit signals on mutually orthogo- nal SOPs, and 2. the receivers are equipped with multiple balanced detectors as opposed to single balanced detectors. Transmitting the data bits of two users from one encoder on mutually orthogonal SOPs causes some of the PIIN terms to be canceled out. The evaluation results have shown that the use of orthogonal polarizations improves the SNR. However, as the number of active users increase, the number of PIIN terms that vanish is reduced relative to the total number of incoherent beating terms, and hence the noise suppression effect is diminished. However, the SNR is nonetheless improved by approximately 1 dB for the case where 20 users are active simultaneously on the network. The use of MBDs in the receiver reduces the power of the optical fields impinging on each PD, and hence reduces the PIIN power. The results have shown that the proposed MBDs scheme reduces the PIIN power, especially when the number of MBDs increases.
Appendix
This Appendix derives the equation for the PIIN power.
Derivation of Equation (8)
After passing the 1 ϫ n splitter, the PSD magnitude of the two received optical fields is scaled by a factor of 1 / n, i.e., 2P sr /3⌬vn and P sr /3⌬vn, respectively. From Eq. ͑6͒, for the l'th receiver user, the PIIN power existing in photodiodes PD 2i−1 and PD 2i is given respectively by: 
Derivation of Equation (10)
The PIIN power of the l'th receiver user on photodiodes PD 2i−1 and PD 2i is given respectively by: Substituting Eqs. ͑16͒ and ͑17͒ into Eq. ͑7͒, the PIIN power is given by: 
